Fluorescent amplified fragment length polymorphism analysis demonstrates a high level of gene exchange between Saccharomyces sensu stricto species, with some strains having undergone multiple interspecific hybridization events with subsequent changes in genome complexity. Two lager strains were shown to be hybrids between Saccharomyces cerevisiae and the alloploid species Saccharomyces pastorianus. The genome structure of CBS 380 T , the type strain of Saccharomyces bayanus, is also consistent with S. pastorianus gene transfer. The results indicate that the cider yeast, CID1, possesses nuclear DNA from three separate species. Mating experiments show that there are no barriers to interspecific conjugation of haploid cells. Furthermore, the allopolyploid strains were able to undergo further hybridizations with other Saccharomyces sensu stricto yeasts. These results demonstrate that introgression between the Saccharomyces sensu stricto species is likely. ß
Introduction
Polyploidy, particularly allopolyploidy, is believed to be an important mechanism for enhancing genetic £exibility and promoting adaptive evolutionary change [1] . The sequencing of the yeast genome has established an ancient autopolyploidy event in Saccharomyces cerevisiae that occurred approximately 100 Myr ago [2] , and two consecutive genome duplications have been hypothesized for vertebrate evolution [3] . However, the incidence of allopolyploidy, although common in plants, occurs rarely in animals [4, 5] . Alloploidy has also been discovered in yeasts of the Saccharomyces sensu stricto group. Saccharomyces pastorianus strains were originally derived from a hybridization between S. cerevisiae with either a Saccharomyces bayanus strain or another related species [6^10]. More recently, wine yeast S6U, cider yeast CID1, and the type strain of S. bayanus CBS 380
T have been described as possessing nuclear genomes from both a S. cerevisiae and a S. bayanus-like yeast [11, 12] . In this study, the genetic relationships between strains of Saccharomyces sensu stricto were analyzed using £uores-cent ampli¢ed fragment length polymorphism (AFLP). The results, together with hybridization experiments, indicate that the existence of chimeric genomes could be widespread and that introgression takes place within the Saccharomyces sensu stricto complex. It appears that in place of distinct species, a continuum of genome structures may exist, making it necessary to reconsider current taxonomic views for this species complex.
Materials and methods

Yeast strains and media
The yeast strains used for AFLP are listed in Table 1 and belong to the Saccharomyces sensu stricto group [13] . The following yeast strains were used for rare-mating studies. Saccharomyces paradoxus strains : N17-78M
ATa ho ura3 lys2 met13; N17-79^MATK ho ura3 lys2 met13; N17-80^MATa ho ura3 ade1 met13 [14] (provided by R. Borts). S. cerevisiae strains: FY843M ATa ho his3v leu2v1 lys2v202 trp1v63 ura3-52 GAL2; FY844^MATK ho his3v leu2v1 lys2v202 trp1v63 ura3-52 GAL2 [15] and 15DUK^MATK ade1 his2 leu2-3,112 trp1 ura3v. Diploid strains for rare-matings were made by crossing these strains to each other or by making mitochondrial de¢cient mutants of strains listed in Table 1 . Mitochondrial mutants (b 3 ) were isolated by treating cells for 24 h in synthetic complete media containing 10 Wg ethidium bromide ml 31 . Cells were then diluted in water and the mutants identi¢ed on YPDG plates (containing 3% glycerol and 0.1% glucose) [16] .
Fluorescent AFLP
For AFLP, DNA was isolated by mechanical breakage of cells using glass beads [17] and a Mini-Beadbeater 0 (BioSpec Products Inc., Bartlesville, OK, USA). The AFLP reactions were performed as previously described with some modi¢cations [18, 19] . DNA restriction digests and adaptor ligations were done in a single step as follows. Yeast DNA, 0.5 Wg, was combined with 5 U of PstI and 5 U of MseI, the PstI adaptor (50 pmol of 5P-CTCGTA-GACTGCGTACATGCA-3P and 5P-TGTACGCAGTC-TAC-3P) and MseI adaptor (50 pmol of 5P-GACGAT-GAGTCCTGAG-3P and 5P-TACTCAGGACTCAT-3P), 1 U of T4 DNA ligase and ATP (1.2 mM) in 50 Wl RL bu¡er (10 mM Tris^HAc, 10 mM MgAc, 50 mM KAc, 5 mM dithiothreitol (pH 7.5)). The restriction/ligation reactions were incubated for 3 h at 37³C. To the digested and ligated DNA, 450 Wl T 0X1 E bu¡er (10 mM Tris^HCl, 0.1 mM EDTA, (pH 8)) was added. The PCR was performed using £uorescently labelled primers PstI-AA (FAM) (5P-GACTGCGTACATGCAGAA-3P), PstI-AC (HEX) or PstI-AT (TET) in combination with primer MseI-C (5P-GATGAGTCCTGAGTAAC-3P). For each AFLP reaction 5 ng (5 Wl) of the ligated DNA was ampli¢ed using 15 ng (0.3 Wl) of a labelled PstI primer and 30 ng (0.6 Wl) of the unlabelled MseI primer. Reactions were done in 20 Wl using PCR bu¡er (1.5 mM MgCl 2 ), 0.2 mM dNTPs and 0.5 U Taq polymerase (Advanced Biotechnologies, Columbia, MD, USA). A`touchdown' cycle was used for the PCR (96-well multi-plate and PTC-100 thermo cycler, (MJ Research, Waltham, MA, USA)). Denaturation was at 94³C for 30 s and extension at 74³C for 1 min. A 2-min annealing reaction was started at 65³C and subsequently decreased by 0.7³C for the next 12 cycles. This was followed by 23 cycles with annealing at 56³C and a ¢nal 5-min extension at 74³C. To the completed PCR reactions 200 Wl of water was added and 1 Wl of this was dried and resuspended in a mixture of formamide (1.5 Wl) and a £uorescent Genescan IMRA TAMRA 500 size standard (0.5 Wl) (Applied Biosystems, Melbourne, Australia). Samples were heated to 95³C for 3 min and cooled on ice. Products of each ampli¢cation reaction were resolved on 6% polyacrylamide gels (Sequagel 6 (National Diagnostics, Atlanta, GA, USA)) using a 373XL ABI DNA sequencer (Perkin Elmer Corp., Wellesley, MA, USA). Gel electrophoresis was performed at 40 W with 1UTBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA). The ampli¢cation products were sized based on the internal lane standards using Genescan software, and the ¢ngerprints were viewed by comparing both the electropherogram and tabular data. For data analysis, bands ranging in size from 100 to 450 bp were analyzed. Analysis was performed using the NTSYS-pc software [20] . Pairwise similarities were created using the Dice coe¤cient (twice the number of bands shared between two ¢ngerprints over the sum of all bands in both strains). Relative similarities among strains were summarized using principal component analysis (PCA) based on pairwise correlation coe¤cients calculated from the presence^absence matrix of AFLP bands.
Sequencing of mtDNA genes
For mtDNA gene analysis DNA from strains BRYC 32 and NCYC 1324 was prepared by producing spheroblasts with Zymolyase 20T [21] followed by degradation of RNA. The mtDNA ATP8 and ATP9 genes were ampli¢ed using the proof reading Pfx DNA polymerase (Life Technologies, Melbourne, Australia), and primers AAP1 YM-1 (5P-ATGCCACAATTAGTTCCATTTTA-3P) and AAP1 YM-2 (5P-TAATTTAGAAATAAATAATCTAGATAC-3P) for ATP8, and primers OLI1 YM-1 (5P-GCAATTAG-TATTAGCAGCTAAATATATTGG-3P) and OLI1 YM-4 (5P-AATAAGAATGAAACCATTAAACAGA-3P) for ATP9 [22] . Reactions were done in 50 Wl in Pfx bu¡er (1.0 mM MgSO 4 ), 0.3 mM dNTPs and 0.5 U Pfx polymerase. For the PCR, denaturation was at 94³C for 15 s, annealing at 55³C for 30 s and extension at 68³C for 1 min. PCR was performed for 30 cycles (PTC-100 thermo cycler (MJ Research, Waltham, MA, USA)). Ampli¢ed products were gel-isolated with a silica matrix (Geneclean II kit (Geneworks, Adelaide, Australia)). The puri¢ed fragments were then sequenced directly using the primers AAP1 YM-1 and AAP1 YM-2 for ATP8 and OLI1 YM-1 and OLI1 YM-4 for ATP9. Sequencing was performed using dideoxy sequencing chemistry (Prism Ready Reaction DyeDeoxy Termination Cycle Sequencing kit (Perkin Elmer Corp., Wellesley, MA, USA)). Two separate ampli¢cation reactions were performed, and both products were sequenced.
Mating experiments
Quantitative mating assays between cells of opposite mating types were based on the method of Reid and Hartwell [23] . Aliquots of 2U10 6 cells of each mating type were removed from exponential phase cultures, mixed and ¢l-tered onto 25-mm diameter nitrocellulose ¢lters type HA (Millipore Corp., North Ryde, Australia). The ¢lters were then incubated on YEPD plates for 1.5 or 3 h at 27³C. At this time the cells were resuspended and plated for diploid colony forming units on appropriate selective media.
The method for rare-matings was based on that of Spencer and Spencer [24] . Strains were grown to stationary in YEPD at 27³C. In a 50-ml conical £ask, 200 Wl of each tester strain was added to 5 ml fresh YEPD and incubated for 4 days at 27³C. Appropriate numbers of cells (between 100 Wl and 2 ml) were then washed in sterile water and plated to selective plates.
Results
Intraspeci¢c comparative genome analysis using AFLP
The AFLP method is based on the selective ampli¢ca-tion of restriction fragments from a total genomic DNA digest [18] and is being increasingly used for investigating genetic diversity in a number of biological systems (see [25] ). In this study, 18 strains of Saccharomyces were analyzed using three primer pairs, producing a total of 441 distinct ampli¢ed fragments. None of the fragments were ampli¢ed in all the strains. When all the data and all the strains are considered, strains for recognized species form distinct clusters ( Fig. 1) .
For S. cerevisiae, the neotype strain was compared with a wine and sake strain. These two strains were chosen based on studies of many S. cerevisiae strains showing that they produced the most divergent AFLP ¢ngerprints ( [19] and unpublished results). Based on Dice coe¤cients, the wine and sake strain exhibited 87% similarity, and 93% and 89% similarity to the neotype strain respectively (see Table 2 and Fig. 1 ). Three strains each of S. bayanus and S. pastorianus were also analyzed. The type strain for each species was compared to strains that have been suggested by some researchers to be distinct species [9, 26] . The AFLP results indicate that the genomes of strains within each of these two species are also highly related. The genomes of the analyzed S. paradoxus strains have diverged to a greater extent (Table 2 and Fig. 1 ). The isolates analyzed originate from di¡erent continents and have been proposed to be undergoing allopatric speciation [27, 28] . European and North American isolates only displayed 55% mean similarity, consistent with a reduced fertility between strains from the two regions (32% average ascospore viability). The Far East Asian isolate exhibited an intermediate genome similarity, again concordant with an intermediate level of ascospore viability (averaging 42%) observed in Far East AsianUEuropean crosses.
Using AFLP, similarity results between the four Saccharomyces sensu stricto species studied were generally consistent with those obtained using DNA/DNA reassociation. Sixty-¢ve percent of the ampli¢ed fragments were species speci¢c, showing that these related yeasts produce ¢ngerprints that are highly polymorphic (the average interspeci¢c similarity between the four recognized species was only 21%, versus 78% for intraspeci¢c comparisons). However, there are su¤cient isomorphic bands to obtain meaningful results on the genetic similarity of these species (see Table 2 and Fig. 1) . Strains of S. pastorianus, which are thought to possess a chimeric genome, had mean similarities of 35% and 30% to S. cerevisiae and S. bayanus strains respectively, but only 16% to S. paradoxus strains (see below). The similarity values for the other combinations averaged 18%, still notably higher than comparisons with the Saccharomyces sensu lato yeast, Saccharomyces unisporus, which averaged only 8%.
Saccharomyces sensu stricto hybrids
The AFLP ¢ngerprints of the S. pastorianus strains support the hybrid nature of these yeasts. The similarity between CBS 1503 and CBS 1538 NT argue against a S. cer- evisiaeUSaccharomyces monacensis derivation [7^9], whereas a S. cerevisiaeUS. bayanus ancestry is supported [6] . However, this is confounded by the observation that the S. bayanus type strain may itself possess S. pastorianus DNA (see below). The relative amounts of the parent genome are notably di¡erent for the three strains, with CBS 1538 NT displaying only 31% average similarity with the S. cerevisiae strains and CBS 1513 displaying 40% similarity with S. cerevisiae. The former type of S. monacensis shows an intermediate kinship with the S. cerevisiae strains. It may be that separate hybridizations have occurred to produce the di¡erent S. pastorianus strains or that there have been varying amounts of genome loss or rearrangement in the strains. In other hybrid organisms there is evidence for both these mechanisms taking place [29, 30] . Interestingly, the number of bands ampli¢ed in the S. pastorianus strains is not signi¢cantly greater than that for the S. cerevisiae or S. bayanus yeasts, possibly indicating substantial genome loss since its derivation.
The AFLP results con¢rm the hybrid nature of the wine-making strain (S6U) and cider-making strain (CID1), which have been shown to be derived from both S. cerevisiae and S. bayanus-like strains. Although their origin is believed to be the same as S. pastorianus, the genomes of these two yeasts have remained much more similar to the parental species, suggesting that the hybridization event has been more recent (see Table 3 ). CID1 is more distant to the two proposed parental species and, more importantly, appears to have a more complex genome, with 52 of the 217 fragments not ampli¢ed in the proposed parental species. The most likely explanation is that the nuclear genome of this yeast is comprised of three species, S. cerevisiae, S. bayanus and a third species.
Divergence between modern lager-brewing strains and strains of S. pastorianus (CBS 1538 NT and CBS 1513) has previously been described [8^10] . In this study, the lager yeast BRYC 32 was found to produce a distinct AFLP ¢ngerprint (a section of this ¢ngerprint is shown in Fig. 2) , with approximately 70% average similarity with both S. cerevisiae and S. pastorianus strains ( Table 2 ). One possibility is that this strain is derived from similar circumstances to S. pastorianus strains, except that a more extensive fraction of the S. cerevisiae genome has been retained. If this was the case, it would be expected that BRYC 32 shares a diminished amount of its genome with S. pastorianus, since the S. pastorianus genome has diverged quite extensively from the predicted parent genomes. Only 14% of the fragments ampli¢ed in the S. pastorianus ¢ngerprints were not present in the lager strains, a similar amount to the fragments missing from the S. cerevisiae genome. Of 177 ampli¢ed fragments from BRYC 32 all but two were ampli¢ed from either the S. cerevisiae or S. pastorianus neotype strains. These results demonstrate that the lager yeast is an allopolyploid containing a copy of each of the genomes.
A second lager yeast, NCYC 1324, was also shown to be a S. cerevisiaeUS. pastorianus hybrid. NCYC 1324 produced an AFLP ¢ngerprint that was related to BRYC 32 (94%), and displayed 63% and 75% average similarity to the S. cerevisiae and S. pastorianus strains respectively. The reduced similarity to S. cerevisiae is explained by the greater proportion of bands ampli¢ed in the S. cerevisiae strains (23%) that are not ampli¢ed in NCYC 1324, possibly resulting from genome loss. However, unlike S. pastorianus, the number of bands ampli¢ed from the two lager yeasts (as well as CID1 and S6U) is approximately 50% more than that from the two proposed parental species, suggesting that there has not been extensive DNA loss since the hybridization took place. The sequences of the mitochondrial genes ATP8 and ATP9 in the two lager yeasts were identical to the S. pastorianus mtDNA sequences (sequences not shown), consistent with the mitochondria of the lager strain being derived from the S. pastorianus parent.
The AFLP results demonstrate that the S. bayanus type strain CBS 380
T is also comprised of S. pastorianus DNA. Although the three S. bayanus strains studied produce AFLP ¢ngerprints that are very related (greater than 85%), the type strain of S. bayanus exhibits a genome considerably more similar to the S. pastorianus strains (38^41%) than do the other S. bayanus strains studied (23^27%). Of the 19 bands that were ampli¢ed in CBS 380
T but not ampli¢ed in the other S. bayanus strains, all but one was ampli¢ed in the S. pastorianus neotype strain (only three of the 19 bands were ampli¢ed in the S. cerevisiae neotype strain). These results are best explained by unequal gene transfer between S. pastorianus and S. bayanus-like yeasts.
Interspeci¢c hybridization
Saccharomyces sensu stricto yeasts are closely related and can be crossed with each other (except for S. pastorianus) to produce interspeci¢c hybrids. The hybrids, however, are sterile, producing non-viable ascospores [31, 32] . To predict the likelihood of producing hybrids, we performed several interspeci¢c crosses between Saccharomyces species. The e¤cient mating between haploid strains of S. paradoxus and S. cerevisiae demonstrates that there are no restrictions to interspeci¢c matings ( Table 4) .
As most Saccharomyces sensu stricto yeasts are not expected to normally exist in the haploid form, it is likely that non-mating strains encounter each other more often than strains of opposite mating type. For this reason, the frequency of interspeci¢c rare-matings between S. cerevisiae and S. paradoxus strains was analyzed ( Table 5 ). The results demonstrate that rare-mating between Saccharomyces sensu stricto species is possible and that the frequency of mating is highly dependent on the mating type and ploidy of the parent cells. The frequency of successful haploidUdiploid crosses is consistent with rare-mating occurring by mating type switching, the frequencies agreeing with the rate of interchromosomal mitotic recombination at the S. cerevisiae MAT locus [33] . Mating type switching in haploid cells is believed to take place by less frequent intrachromosomal recombination with the silent mating type loci [34] , providing less rare-mating success between haploid cells of the same mating type. Similar results were obtained with rare-matings between two S. cerevisiae strains, but the frequency of matings, especially between two diploid strains, was somewhat reduced. Rare-matings between S. cerevisiae, S. paradoxus and S. bayanus were also successful and the frequency of hybridization indicates that rare-mating between these species is as likely to occur as that within species. This was true for crosses in which the tester strain was diploid (Table 6 ) or haploid (results not shown).
The identi¢cation of strains that have undergone multiple hybridization events indicates that alloploid yeasts are able to undergo hybridization, even though these yeasts are generally considered sterile. Rare-matings with S. pastorianus strains were not detected, even when a haploid tester strain was used. On the other hand, CID1 and S6U were able to mate with either one or both of the S. paradoxus and S. cerevisiae diploids. Furthermore, although matings between the allopolyploid S. cerevisiae/ S. pastorianus lager strains with diploid S. paradoxus or S. cerevisiae strains were not detected, matings between the lager yeasts and haploid strains were achieved, giving as high as 3000 mated cells ml 31 (results not shown).
Discussion
The results demonstrate that Saccharomyces sensu stricto yeasts can undergo multiple interspeci¢c hybridization events. The AFLP ¢ngerprints of the two lager strains were distinct from those of S. pastorianus (averaging 73% similarity), con¢rming the results of previous studies that showed modern lager strains are di¡erent to the S. pastorianus neotype strain [8^10] . Although the reduced genetic similarity observed between S. paradoxus isolates was explained by allopatric speciation (see results and [27, 28] ), the changes in the lager yeast are best accounted for by interspeci¢c hybridization between S. cerevisiae and S. pastorianus yeasts. AFLP results suggest that the S. cerevisiae component of the BRYC 32 and NCYC 1324 genomes was obtained from S. cerevisiae ale yeasts (results not shown), indicating that the hybridization event occurred in the beer environment, an environment in which both species are propagated. Since S. pastorianus is itself alloploid, the lager yeasts are derived from at least two separate hybridization events^the ¢rst to produce S. pastorianus and the second more recent event, hybridization with S. cerevisiae.
The results also con¢rm that CBS 380 T , the type strain of S. bayanus, is a hybrid yeast. Previous studies concluded that CBS 380
T is a S. cerevisiae hybrid [26, 35, 36] , but the AFLP results demonstrate that the additional DNA is derived from S. pastorianus. Unlike that seen with the other hybrids, the fraction of genome acquired from the parent species in CBS 380 T is uneven, with a minor amount being derived from S. pastorianus. This could be explained by multiple backcrossing of the originally formed hybrid with S. bayanus-like yeasts, which would be further evidence of introgression in the species complex. However, genome loss by the hybrid cannot be discounted. In agreement with DNA reassociation studies, the three S. bayanus strains produce similar AFLP ¢nger-prints arguing that the grouping of these strains into a single species is valid [6] . Furthermore, crosses between these two groups produce viable spores, although with reduced fertility (9^39%), leading Naumov to propose that the strains have undergone partial genetic isolation, and to recommend the establishment of a new variety within the S. bayanus species [37] .
The AFLP results also con¢rm that CID1 and S6U contain DNA from both S. cerevisiae and S. bayanus strains [12] , but their genome structure appears quite different. CID1 has a signi¢cant amount of DNA that is distinct from the S. cerevisiae and S. bayanus genomes. Table 6 Frequencies of rare-mating between di¡erent Saccharomyces sensu stricto yeasts with diploid S. paradoxus (Sp) or S. cerevisiae (Sc) strains It is possible that the hybridization event occurred earlier in this strain (or the rate of DNA modi¢cation has been greater) so that the genome of this yeast has altered more substantially, as appears to be the case for S. pastorianus. However, unlike that seen with S. pastorianus, more than 75% of the fragments ampli¢ed by S. cerevisiae and S. bayanus are also present in the CID1 AFLP ¢ngerprint indicating that the genome contributed by these yeasts has not been extensively altered. The AFLP results argue that a third species is contributing to the nuclear DNA of CID1. It has been shown that the mitochondria of CID1 are derived from a third yeast [22] , which has now been described as a new species Saccharomyces kudriavzevii [38] . AFLP has not been performed on this yeast but the AFLP results presented here argue that this species, or an as yet unidenti¢ed yeast, is also contributing to the nuclear DNA of CID1.
To test the likelihood of repeated interspeci¢c hybridization, rare-mating between di¡erent Saccharomyces sensu stricto strains was tested. Whereas rare-matings between S. cerevisiae, S. paradoxus and S. bayanus were successful, no rare-mating was detected with S. pastorianus. The reasons for this are unclear. It is possible that the selection method used was not suitable in that S. cerevisiae mitochondria are unable to restore respiration in the resulting hybrids [39] . Alternatively, the high ploidy of S. pastorianus may resist mating type switching, the proposed mechanism of rare-mating in S. cerevisiae diploid strains. A third possibility is that S. pastorianus, an asexual yeast, has lost essential components of the mating pathway. Increased ploidy on its own cannot explain the ¢nding. The S6U, CID1 and lager hybrids were able to undergo further hybridization, even though based on the AFLP results these yeasts are likely to have genomes with increased complexity compared to the S. pastorianus strains (the wine yeast S6U has been con¢rmed to be an allotetraploid [40] ). Thus, although rare-mating with the S. pastorianus strain used here was not detected, the results with other hybrids demonstrate that allopolyploids are able to undergo further hybridizations.
Isolation of hybrid yeasts and the successful matings of these hybrids with strains of the parental species provide evidence for introgression within the Saccharomyces sensu stricto complex. There were no special requirements for achieving hybridization between the species, with the conditions used in the laboratory being comparable to that found in beer and wine fermentations. The possibility that interspeci¢c hybridization is an important method of recombination for yeast has both taxonomic and ecological implications. Taxonomies of closely related species based on single-locus indicators may re£ect the ancestry of only a portion of the genome. If Saccharomyces sensu stricto gene pools are only partially isolated, even when those genomes have di¡erent levels of complexity, Saccharomyces sensu stricto is itself as natural a taxon as are any of the several species of which it is comprised. Although the description of natural hybrids has been infrequent, the use of techniques such as AFLP that rapidly compare multiple regions of genomes may demonstrate that horizontal gene transfer and polyploid speciation is widespread in yeasts, as has been observed in bacteria [41] and plants [4] . Extensive variation in the genome organization of the studied hybrids exists. Whereas S6U, BRYC 32, NCYC 1324 and CID1 possess copies of genomes that seem to be largely unchanged, the genomes of S. pastorianus strains have undergone many modi¢cations since the initial hybridization event. It appears that horizontal gene transfer can be equal or uneven, as in S. bayanus 380 T , with the strain only possessing a minor amount of S. pastorianus DNA. Finally, AFLP results predict that BRYC 32, NCYC 1324 and CID1 are a combination of three separate genomes. In other organisms, alloploidy not only provides redundant genes that can diverge in function, but also accelerates change due to genome instability [1] . These same mechanisms may be providing an adaptive advantage to the Saccharomyces yeasts.
Note added in proof
Azumi and Goto-Yamamoto (Yeast 2001 ; 18, 11451 154) have also analysed strains of Saccharomyces sensu stricto using AFLP.
